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'IRTRODUCT I ON 

The evolut ion o f  nuc lear  r eac to r s  has followed mainly two t rends:  
1 )  The increase o f  t h e  maximum coolant temperature 
2) The decrease in the  hea t  cos t  due t o  the progress  in technology a n d  

The demand f o r  h igher  o u t l e t  temperatures,  in  view of higher  e f f ic ien-  
c i e s  ir, the e l e c t r i c  energy production, led t o  development o f  r e a c t o r s  
capable of those high temperatures,  e.g.  the  Advanced Gas Cooled Reac- 
t o r s ,  t h e  Kolten S a l t  Reactors,  the High Temperature Gas Reactors. 
H T G R I s  have the  advantage over the  o the r  t w o  r eac to r  concepts t h a t  t he i r  
output coolant temperature i s  higher  and tha t  the  proper t ies  o f  t h e i r  
core mater ia l s  could t o l e r a t e  add i t iona l  increases  i n  tenperature .  

A l s o  f r o m  the  commercial point o f  view the  HTGR's  won a round a- : 
ga ins t  t o  the  o t h e r  t w o  w i t h  the  order  of Phi ladelphia  E l e c t r i c  f o r  a 
s t a t i o n  equipped w i t h  t w o  such r e a c t o r s ,  w i t h  a t o t a l  n e t  e l e c t r i c a l  
capac i ty  of 2,320 Mwe. ( 1 )  

E l e c t r i c i t y ,  t he  u s u a l  form f o r  marketing nuc lear  energy, meets 
o n l y  a b o u t  20% o f  the  energy needs f o r  a technologica l ly  developed so- 
c i e t y .  This f a x i  l imi t s  the  r o l e  nuc lear  energy can p lay  in the  t o t a l  
energy supply. 

Lookb-g f o r  a mean t o  pene t ra te  the remaining 80% of the energy 
market we considered t h a t  hydrogen could be the  idea l  c a r r i e r ;  s o ,  a 
few years ago we s t a r t e d  looking  f o r  a process  t o  produce H2 using nu- 
c l e a r  hea t .  

The temperature l e v e l  a t  which hea t  i s  ava i l ab le  f r o m  the present  
family o f  HTGRIs  i s  such that it can be used in hydrogen production 
processes  l i k e  coa l  g a s i f i c a t i o n  o r  natural. gas  reforming. In f a c t ,  
there  is a s t rong  incent ive  f o r  implementing those endothermic proces- 
s e s  w i t h  nuclear  hea t  because the  d i f fe rence  i n  p r i ce  between the fos -  
s i l  f u e l  ca lo r i e  a n d  t h e  nuclear  ca loxie  i s  not  neg l ig ib l e  a n d  tends 
t o  increase.  B u t  t h e i r  thermodynamics i s  such t h a t  only 20-25s of the  
energy i n  the product comes f r o m  t h e  nuclear  r eac to r .  The impact of 
such app l i ca t ions  on t h e  pene t ra t ion  of nuclear  energy i n t o  the  energy 
market w i l l  then be necessa r i ly  small. For  t h i s  reason our research 
was or iented t o w a r d s  a process  f o r  hydrogen production in which the 
only ener  y in u t  w a s  from a nuclear  reac tor .  In a sense water elec- 
t r o l y s i s  f.2, 3y w o r k s  t h i s  way, b u t  the  necessary transformations 
through var ious  s t a g e s  o f  a l l  the  primary energy from heat  t o  e l e c t r i -  
c i t y  a n d  then,  v i a  e l e c t r o l y t i c  c e l l s ,  t o  hydrogen, lead t o  l o w  t o t a l  
e f f i c i e n c y  a n d  high investment cos t .  

conversion e f f i c i e n c i e s  and lower c a p i t a l  cos t  and we d i d  s e t  o u r  goal  
at  decomposing water us ing  the  nuc lear  heat  f o r  operat ing some endo- 
thermic chemical r e a c t i o n s  in a closed cycle ,  1.e.  with nominal  con- 
sumpt ion  o f  chemicals. 

t o  t h e  increase  i n  r eac to r  s i ze .  

! 
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We thought t h a t  a more d i r e c t  use o f  hea t  could lead t o  higher  

,/ 
THE CHEMICAL CYCLES 

I 

Thermodinamically it is  not poss ib le  t o  crack water ,  w i t h  a reaso- 
nable y i e ld ,  at temperatures  lower than 250O0-30OO0C. If we had t o  run 
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a process with o n l y  one endotheimic r e a c t i o n  a ?  a lowel- t e q e r a t u r e  
we should c o q e n s a t e  t h e  lowel. e n t r o p i c a l  l e v e l  of t h e  heat  by a 
correspolrding amount of  usefu l  work. A mul.tistep chea ica l  process 
operat in< aL d i f f e r e n t  temperatures behaves as a thermal engine(4) ; 
as a consequence the  useful .  work requiremen: can be obtained t'n'rough 
e x t r a  hea t  en ter ing  the  system at high temperature and given off  as 
degrarjec! heat  at  l o w  temperature in  accordace ,  with t h e  Ca.m-of rule .  

By a two-step process  it is poss ib le  theoret ical . lg  to s p l i t  wa-  
t e r  even wi t l ?  a, l i n i t  of 3OOOC f o r  t h e  upper temperature,  b u t  t h e  
thermodynamic p r o F e r t i e s  o f  t h e  chemical substances t h a t  could be 
used in such a cycle  are v c y  far from t h e  thermodynamic p r o p e r t i e s  
of  a.l:l kno~m substances a n d  following ( 4 )  even a t  100o°C v e r y  proba- 
b l y  such s u b s t m c e s  do not  e x i s t  nor  g.:a~: they be synthesized. 

Three-step processes  appe,v more f e a s i b l e  and ir. fa.ct t h e y  have 
been a l ready  proposed ( 5 ) .  They a r e  based on t h e  renct ion of c'nlcri?e 
a f t h  steam at, h igh  tenperature  $0 p o d u c e  oxygen afld Fy3rochloric 
ac id ;  the  last-one being d issoc ia ted  i.r-:,o hydrogen and ch lor ine  by 
a r e a c t i o n  at low temperature witk z low-valence metal chlor:l.de (me- 
tals being T a ,  B i ,  Hg, , V )  and: the  subsequent d i ssoc ia t ior i  of t h e  so 
formed high-valence ch lor ide  at; high te'mpe'k&%ure : 
The rea.ctS.cn~s f o r  t h i s  type of  a cycle  a r e  : 

. .. ,. ;the:.,qea.ctj.oij;, 7 )  and,  ..3;) r u n ' , a t  bi,gh tetiperature,; and react;i.on 2)  ,+ low 
temperatume. 

I . .  , Some g,xpe$Eental work h been done,, o ~ t ~ $ e ,  h:ost promisirc  cycle.: m e  
one e m p l o y ~ g  V a n a d i u m  ( The reac5ion between ch lor jne  and steam 

i '  

ied t o  f i n d -  tF,e reaction: .r.ate as a - f u n c t i o n  o f  temp3Patu- 
s" Peed, rate !and"iTatio a n d  -reactor'! s surface-t.o-vcluu!e. The 
f o r  a p r a t i c a l  appl ica t ion  have been fou l ld .  
T@ora.tor.y t e s t s  have been done about t h e  reaction. betv!een 
chlor ide a n d  hgdrochlor2c- acid in- a s t a t i c - t F e  apparatus  

a t  atmospheric pressure and at room temper&;ure. I n  s p i t e  o f  t h e  fa-  
vourable reac t ion  thermodynamics e s s e n t i a l l y  n o  reacti ,on ,between VC12 
a n d  H C l  was o5served i n  those condi t ions.  

Another three-s tep process i s  de,scribed in C.S. Patent  (1970)(7) 
i n  which Cesium se ta l  r e a c t s  with water ,  then. Cesiurr hydroxide is 
transfoi-ned i r . t o  Cesium peroxide and f i n a l l y  Cesium peroxide is d i s -  

emperatuTe. The rezc$i,or?;s . .  o h i s  cgc1.e a m  : . .  - .. . 

i 

! 

i\:o experimental work is  reported ir. t h e  p a t e n t  d e s c r i p t i o r .  
l i t h  the  ava i lab le  thermodpanic  d a t a  we ca lcu la te  f o r  I.he ceact ion 2) 
q u i t e  an unfavourable e q u i l i b r i u n  constant:  E20 par1.ia.l pressure rea- 
ches only about one thousandth'of the-oxygen pressure.  As a copsequen- 
c e ,  a p a r t  f r O Q  the  high upper temperatu~~e'(abov~'125OoC),this >I-ocess 

''! 
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r e q u i r e s  q u i t e  an amount o f  separa t ion  work. 

M s - 1  CYCLE 

A four-s tep chemical cycle  has been found by one o f  u s  (G.D.) (9 )  
a n d  it i s  b r i e f l y  described i n  (8 ) .  This cycle ,  chr is tened MARK-1, 
uses  compounds of mercury, bromine a n d  calcium. The s e t  of reac- 

I 
t i o n  in the cycle  is t h e  following : 

1) C a  Br2  + 2H20 ---y% C a  (OH)2 + 2HBr water s p l i t t i n g  

2) H g  t 2 H B r  ------ 2500+ HgBr2 + H2 hydrogen switch / 
3 )  HgBr2  + C a  (OH)2 -------zD 2ooo CaBr2+ HgO + H20 oyvgen s h i f t  

I 

4) + oxygen switch 

Whose sum. is  : 

H2 + 1/2 O2 H2° -------- 
A block diagram of the  cycle  i s  shown i n  f i g .  1 where o n l y  ma- 

I n  block 1) where r eac t ion  1 occurs,  calcium bromide and ( e x c e s d  
t e r i a l s  f l o w  i s  ind ica ted .  

steam r e a c t s  t o  hydrobromic acid and calcium hydroxide. The hydro- 
bromic a c i d  so lu t ion  i s  concentrated in a d i s t i l l a t i o n  column and fed 
t o  the  s t ep  2 ( r e a c t i o n  n ,  2 ) .  The product i s  a mixture o f  mercury 
bromides, hydrogen, hydrobromic aci.d , water and mercury. The gases 
a r e  separated a n d  hydrogen i s  cleaned from HBr t r a c e s  by passing it 
through a bed of calcium hydroxide. Mercury a n d  mercurous bromide, 
which is qu i t e  i n so lub le ,  a r e  separated f r o m  the r e s i d u a l  solut ion.  
Their  mixture is  fed back t o  s t e p  2 ) ;  the  remaining so lu t ion  i s  s t r ip - f  
ped t o  separate  most of the  hydrobromic acid a n d  fed back in to  the 
d i s t i l l a t i o n  column a t  the  proper l e v e l ;  t he  mercuric bromide solu- 
t i o n  i s  fed i n t o  s t e p  3 )  wi th  water a n d  calcium hydroxide coming f rom '  
s t e p  1 ) .  The product of reac t ion  3 i s  a so lu t ion  o f  calcium bromide 
e a s i l y  separated from the  mercuric oxide p r e c i p i t a t e .  The solut ion i s  
concentrabed and  recycled t o  s t e p  1 ) .  Mercury oxide i s  fed t o  s tep  4 )  
where is d i s soc ia t ed .  The products  can be separated by quenching u1 
an hea t  exchanger o r  by expanding them through a tu rb ine .  Mercury i s  
recycled t o  s t e p  2 ) .  

input  o f  water and an output o f  hydrogen and oxygen. In f i g .  2 a 
schematic flow-sheet f o r  t he  Mark-1 process i s  given w i t h  referenae 

A t  th is  po in t  t he  cycle  i s  completed: the  g loba l  r e s u l t  i s  an 
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c )  a l i  by-products formed during t h e  r e a c t i o n s  can be r e i n j e c t e d . a t  
some poin ts  in the  cyc le ,  permit t ing a v i r t u a l  loo$ recupemt ion  
of t h e  chemicals. 

There a r e  a l s o  some drawbacks : 

a) the  use o f  mercury with the re la ted  problems o f  high inventory 
c o s t  and the  p o s s i b i l i t y  of p o l l u t i o n  i n  case of leakages,  

b )  t h e  use of highly corrosive chemicals, e s p e c i a l l y  hydro?)ronic a- 
c i d ,  a n d  the consequent problems f o r  cons t ruc t ion  mater ia ls .  

CHEMICAL STUDIES (10) 

Very l i t t l e  information on t h e  r e a c t i o n s  involved in the  Mark-1 
cycle w a s  found i n  t h e  l i t e r a t u r e .  We then s tar ted a program o f  ex- 
perimental  t e s t s  i n  order  t o  determine e q u i l i b r i a  a n d  k i n e t i c s .  

1) On the  hydrolysis  r e a c t i o n  there  is a paper ( 11) which descr ibes  
a s e r i e s  o f  experiments i n  which var ious  salts, l i k e  h a l i d e s ,  s u l -  
phates ,  phosphates a n d  carbonates of a l k a l i n e  e a r t h  were hydroli-  
zed. The t e s t s  were performed in  such a way t h a t  t h e y  did not  al- 
low the  determination of equilibrium va lues  f o r  t h e  hydrolysis ;  
however they show t h a t  i n  the h a l i d e ' s  f a n i l y  t h e  m o s t  hydrolisa- 
b le  salt i s  calcium bromide. O u r  experiments on t h e  hydrolysis  
of calcium bromide were done using water vapor a t  1 a t m .  I n  order 
t o  have a prel iminary idea o f  the  equilibrium concentrat ions, ther-  
modynanic c a l c u l a t i o n s  were made f o r  the  fol lowing reac t ions :  

C a  B r 2  + 2 H20 ----- W C a  (OH)2 + 2 HBr 

3 C a O  + 2 HBr C a  B r 2  

Working with steam a t  1 a t m .  we can expect the  formation of cal-  
c i u n  hydroxide f o r  temperature up t o  55OOC and t h e  formation of 
calcium oxide a t  higher  temperatures. Using f o r  c a l c u l a t i o n s  the 
d a t a  o f  Brewer (12) and o f  B u l l e t i n  of Bureau of M i q ~  (13) the 
va lues  for-the equi l ibr ium constant range from 8.10 a t  500°K 
t o  7.0'7.10 4 a t  1000°K; taking more recent  d a t a  f r o m  Kubaschewski 
( 14) thes2,values are still lower, ranging from 1.2. 10-l2 a t  500°K 
t o  3.5.10 " at  1000OK. 
Frorc o u r  t e s t s  we f i n d  f o r  the  equi l ibr ium constant  va lues  rangkg 
from 2.9.10 7 a t  573OK t o  1.12.10-2 a t  1000°K. 
I n  f i g .  3 there  i s  a p l o t  o f  calculated and experimental values  
f o r  hydrolysis  equi l ibr ium constant; a t  atmospheric pressure.  Other 
t e s t s  a r e  i n  progress  t o  determine the equi l ibr ium and the  kine- 
t i c s  under pressure.  A first  t e s t  with 20 a t m .  steam led t o  an e- 
q u i l i b r i u m  constant of l .9. a t  727OC ( loOOoTc). 
The minimum working pressuz-e necessary t o  have C a  (OH) 
duct has  been determined measuring the  decomposition p?essure of 
calcium hydroxide u p  t o  800°C ( f i g .  4 ) .  

2) A l s o  for t h e  r e a c t i o n  between mercury and hydrobromic acid there  
i s  no valuable information in t h e  l i t e r a t u r e .  We d i d  run a s e r i e s  
of t e s t s  t o  determine how the r e a c t i o n  r a t e  is influenced by t h e  
volume of hydrobr0rr.i.c a c i d ,  t h e  surface of mercury, t h e  tempera- 

+ H2° ------ 

as pro- 



I t u r e ,  the concent ra t ion  of t he  ‘acid.  
Reacting a mercury drop  of 550 mg (2.75 milli-atoms) i n  a g l a s s  
v e s s e l  o f  about 35 m l  volume wi th  an excess  of concentrate  hy- 
drobromic acid (48$, 8 ,9  mil1.i-moles a t  25OOC t h e  i n i t i a l  r a t e  

vapog pressure of  t h e  hydrobromic acid has  been evaluated t o  be 
20 atm. From the  r e a c t i o n  r a t e s  a t  temperatures between 197OC 
and 25OOC the  a c t i v a t i o n  energy f o r  t h e  r e a c t i o n  h a s  been calcu- 
l a t e d  t o  be about 15 Kcal/’mole. The temperature dependence of 
r a t e  constant  i s  ,shown in  f i g .  5. Ext rapola t ing  the  reactj.on ra,- 
t e  a t  300OC we c q  expect a hydrogen formation r a t e  of about 
700 cc (NTP)/h.cm . 
The inf luence of hydrobromic acid concentrat ion on hydrogen for -  1 
mation r a t e  a t  200OC i s  given in f i g .  6 .  It i s  q u i t e  evident the 1 
s t rong  e f f e c t  of t h e  hydrobromic acid concentrat ion.  
Due t o  the  ove rpo ten t i a l  f o r  hydrogen evolut ion over mercury aur- 

: faces .  we have t e s t e d  the  e f f ec t ivness  o f  some metals as depolarisem., 
A t  2OOOC t h e  b e s t  Yesul ts  have been obtained wi th  add i t ion  of iri- 
dium black on tungs ten  powder: hydrogen evolu t ion  r a t e  d i d  increa- 

i 

, - We a r e  doing a l s o  some research  on a d i f f e r e n t  wa.y t o  r e a c t  mercu- 
r y  and hydrobromic a c i d .  By t h e  new procedure the  r eac t ion  could 
be rea l ized  a t  lower temperatures (100 .i 120°C) with a n  accepta- 
b l e  r a t e .  The lower temperature all.ows lower grade hea t  coming 
from other  s t e p s  of t h e  process  t o  be used, and t h i s  permits a h i -  
gher t o t a l  e f f i c i ency .  Analy t ica l  problems t h a t  d i d  a r i s e  i n  the 

.. determinat ion of t h e  r eac t ion  products  have been solved a n d  the  
a n a l y t i c a l  procedure is described by Se r r in i  ( 15) .  

3) About the  r e a c t i o n  o f  mercury bromide wi th  calcium hydroxide n o  in- 
f o r m a t i o n  is wa.ila.ble i n  the  l i t e r a t u r e .  Pre l iminary  t e s t s  have 
shown t h a t  wi th  calcium hydroxide, a brown colored p r e c i p i t a t e  is 
ob-tained. Af t e r  b o i l i n g  the so lu t ion  f o r  some minutes this  brown 
p r e c i p i t a t e  is transformed i n  t h e  usua l  red mercuric oxide. Never- 
t h e l e s s ,  a c e r t a i n  amount of mercuric bromide is held in so lu t ion  
by t h e  calcium bromide formed. For  t h i s  reason we began t o  study 
the  inf luence of temperature ,  i n i t i a l  concentrat ion of mercuric 
bromide a n d  the  excess  o f  calcium hydroxide. 

1 
! of Ii formation i s  218 cc (IJTP)/h.cm 3 o f  mercury. The i n i t i a l  

I 

1 

se-  by a f a c t o r  2 ,3 .  A t  250°C t h e  e f f e c t  of t he  c a t a l y s t  i s  l e s s  
important.  .I 

i 
i 

( 

4) The d i s soc ia t ion  of mercuric oxide i s  the  only  s t e p  of the  Mark-1 
cycle  f o r  which data a r e  ava i l ab le  in the  l i t e r a t u r e .  
Dissoc ia t ion  p res su res  have been measured ( 1 6 )  a n d  a r e  known with 
a p rec i s ion  s u f f i c i e n t  f o r  our needs. I n  f ig .  7 HgO d i s soc ia t ion  1 
pressure ve r sus  temperature i s  given. Between 450OC a n d  600°C the  ‘ 
d i s soc ia t ion  p res su re  v a r i e s  from 1 t o  20 atm, tha t  i s  i n  a range 
wel l  su i t ab le  f o r  p r a t i c a l  appl ica t ions .  
Prom the l i t e r a t u r e  (17)  i t  i s  a l s o  lmown tha t  t h e  r a t e  of disso- ‘ 
c i a t i o n  can be acce lera ted  by  the presence of  a proper c a t a l y s t  
in t he  form o f  f i n e l y  divided platinum, f e r r i c  oxide,  e t c .  
A s  w e  need t o  know a l s o  the  r a t e  of recombination of oxygen a n d  
mercury vapors  in o rde r  t o  def ine  how fast t h e  vapors  must be coo- 
led  t o  avoid excessive back-reaction we a re  a l s o  s tudying the  
k i n e t i c  o f  HgO formation. In a v e r y  simple t e s t ,  conducted by hea- 
t i n g  the mercuric oxide t o  480OC a t  room pressure  i n  a g l a s s  ap- 
pa ra tus  without any p a r t i c u l a r  f e a t u r e  t o  cool  t h e  vapors,  we d i d  
not observe any recombination. We a r e  now assembling an apparatus 

I 
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t o  s t ady  the recombination at temperatures up t o  65OoC a n d  pres- 
sures  up t o  30 a h .  

A l i s t  o f  o ther  chemical and phys ica l  problems a r e  underscru t iny  
e.g. we a r e  measuring the vapor pressure of concentrated ca lc iun  bro- 
mide sol i i t ions,  t he  heat  of dehydratat ion o f  calcium bromide and the  
pressures  a n d  phase composition f o r  the liquid-vapor equili’ariun in 
the ternary systen H 0-HSr-HgBr . 

We a r e  a l s o  t e sg ing  the  r e ? i a b i l i f y  of s p e c i f i c  ion-elec trodes 
f o r  con kinuous concentrat ion measurements. 

The chemicals c i r c u l a t i n g  i n  t he  va r ioas  s t e p s  o f  t he  process 
a r e  hydrobromic acid (vapors a n d  so lu t ion ) ,  mercury (salts and vapor) ,  
calcium bromide and  calcium hydroxide as s o l i d s  and in so lu t ion ,  oxy- 
gen, hydrogen and water.  For  most o f  them compatible ma te r i a l s  a r e  
:ulown. 

formation i s  ava i l ab le ,  and ind ica t ion  o f  i ts a b i l i t y  to a t t a c k  mate- 
rial is  dsrived f r o m  the  behaviour o f  hydrochloric acid.  
Corrosion condi t ions can be divided i n  two groups : 

a)  hydrobrwnic acid i n  s o l u t i o n  
b) hydrobromic acid as gas  mixed with steam. 

Solut ions of hydrobromic acid a r e  formed : 

a) where t h e  s52an and HBr mixture leav ing  the hydro lys is  s t e p  i s  con- 
densed; concentration *=.ill he about 338 by weight and a t  a tempe- 
raCure around 280OC; 

down t o  130°5 and concan2rations up t o  48% by weigth ( azeo t rop ic ) ;  

Problems a r i s e  with hydrobromic acid.  For t h i s  proJuct  l i t t l e  in- 

I 

b )  in the  concentrat ion and s t r i p p b g  columns : temperature f r o m  25OOC 

c )  where mercury i s  reac ted ,  (concentrat ion 48% by weigth,  temperatu- 
re 2OOOC).  

The presence of mercury salts in the  so lu t ion  must  be taken in 
account. Sydrobromic acid as a gas phase i s  r e sen t ,  mixed with steam, 
a t  a maximum concentrat ion of 10% in volume $corresponding t o  a 33% 
i n  weizth) in the hydro lys is  s t e p  and d u r h g  the  cool ing o f  t he  mix- 
t u r e ;  a vapor phase i s  a l s o  presant  over the  acid so lu t ion .  

Exploratory corrosion t e s t s  ( f o r  me ta l l i c  and r e f r a c t o r y  materi- 
als) have again begun i n  hydrobromic acid so lu t ions  (489). After  SO- 
ne screening a t  the  b o i l i n g  poin t  o f  the azeotropic  mixture (126OC) 
medium t e r m  t e s t s  w i t h  the  most r e s i s t i n g  ma te r i a l s  have been done at  
20OoC a n d  25OOC. The ma te r i a l s  e l iminate3 in t he  prel iminary scree- 
ning a re  : Chloriaet-2,  Has te l loy  B, Durichlor,  Titanium, Vanadium, 
Nimcif i i -c  90, S t a h l e s s  S t e e l  A I S 1  304, Nickel,  Chronium, Iron. We ha- 
- ~ a  r e t a i l e d  : Tantalum, Molibdenum, Zirconium-Xiobium a l l o y ,  Zirca- 
13y-2 a n d  Riobium. A l l  t e s t shave  been done in g l a s s  capsules ,  !vi% an 
ex te rna l  compensatirg pressure when necessary.  The r e s u l t s  a r e  suurna- 
r i z e d  in t he  following t a b l e s  : 
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Molibd enum 
Z r  2,5$ Nb a l l o y  
Zircaloy 2 

I 

Test  temper?;$rL 2OOOC 

,3 N 2  - 5  - 6  
4 3  N 4  d 7  

4 14 

< l  
H 3  
a 3  - 4 9  w 12 

Mater ia l  

Molibd enum 
Z r  2,5$ Nb a l l o y  
Zircaloy 2 
Niobium --- 

-- COUPLING WITH THE HTGR 

The cycle lark-1 d r a w s  hea t  at  d i f f e r e n t  temperatures,  the maxi- 
mum temperature being 7300'2. These q u a n t i t i e s  can be p lo t ted  i n  a 
diagram, with the temperature in O C  as ord ina te ,  a n d  the quant i ty  o f  
hea t  (Kcal/mole H2) as absc issa .  
We can draw in t h e  same diagram a shj. lar  p l o t  f o r  the  hea t  c a r r i e r ,  
and the  dis tance between these l i n e s  w i l l  r epresents  the  a T in the 
hea t  exchangers. The amounts o f  hea t  represented by these  l i n e s  a r e  
indexed according t o  t h e  flow-sheet o f  f i g .  2 and t o  the de ta i led  
por t ion  of i t  as in f i g .  8.  We c a n  see in f i g .  9 how the  heat  quanti- 
t i e s  4,2 , Q I 1  , Q4 
f l u i d  is represente9 ;it'? dot ted ?ines .  The f i g u r e s  r e f e r  t o  the  pro- 
duct ion of 1 mole o f  H9. 

Q 4 a n d  Q3 f i t  i n  the  diagram. The heat ing 

With the  ini t ia l  zemperature o f  t he  f l u i d  a t  8 5 O o C  a d  a m i n i -  

If we put i n  p a r a l l e l ,  as  i t  i s  shown in f i g u r e s  2 a n d  9, the  I 

mum A T  of 400'2 we ob ta in  the  l i n e  a ) ,  with a mass-flow corresponding 
t o  a h e a t  capac i ty  of  540 cal/deg.C. 

hea t  exchangers 11 and 12 we obta in  l i n e  b ) .  It i s  seen how the s p l i t -  
t i n g  of the-heat c a r r i e r  i n  two streams in t h e  high temperature region 
permits  a lower f i n a l  temperature f o r  the  hea t  c a r r i e r .  This  i s  a l so  
the  temperature of re -en t ry  i n t o  the  r e a c t o r ,  which i s  f a i r l y  c r i t i -  
c a l  due t o  the  ma te r i a l  problems i t  involves f o r  t he  base o f  the  reac- 1 
t o r  core .  

Another p o s s i b i l i t y  i s  that o f  b leedin  pa r t  of the  heat  car- 
r i e r  a n d  d i v e r t i n g  i t  t o  make e l e c t r i c i t y .  $ f ig .  9, l i n e  c ) .  In  both \ 
cases  we have the  p o s s i b i l i t y  of producing mechanical o r  e l e c t r i c a l  
energy f o r  opera t ing  t h e  a u x i l i a r i e s  of the  p l an t  a n d  o f  the reactor .  
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ac t ion ,  taken as 73OOC; lowering t h i s  temperature corresponds t o  an 
unacceptably low concentrat ion o f  t he  hydrobromic acid produced in 
the  reac t io l l .  On the  cont ra ry ,  t he  temperature l e v e l s  of t he  hea t  
blocks Q4O 9 434 , Qi2 , can be sh i f t ed  by a c e r t a i n  amount wi th  re- 
spect t o  the va ues  iven above; t he  consequence of these  s h i f t s  
w i l l  be the  v a r i a t i o n  of the  pressure in some chemicd  s teps .  

These modif icat ions may be use fu l  f o r  a b e t t e r  matching, bet-  
ween the  heat ing f l u i d  l i n e  and  t he  Q l i n e s ,  with a final lower mass- 
f l o w  r a t e .  For instance i f  we could  r a i s e  the  temperature of t h e  reac- 
t o r  coolant t o  9OOOC ne could envisage a countercurrent  s e r i e s  arran- 
gement f o r  t'ne hydro lys is  r e m t i o n ,  as it appears in f ig .10  , a n d  
a lowering o f  5OoC, from 50OoC t o  55OoC, of the  hea t  block Q 
mits the  coupling indicated in f i g .  11. It is evident  thai; tk! %&e 
o f  the  dotted l i n e  is  q u i t e  higher  : t he  mass-flow is nom reduced t o  
230 cal/deg. C and  the  f inal  coolant  temperature is as low as 290aC, 
even without bleeding. 

t o r ,  e.g. helium. B u t  i n  order  t o  reduce the  p o s s i b i l i t y  of contami- 
na t ion  we thougth i t  would be b e t t e r  t o  transfer t h e  hea t  from the  
primary coolant; o f  the  r e a c t o r  t o  an intermediate  h e a t  c a r r i e r  (he- 
l i u m  or b e t t e r  steam) by a hea t  exchanger i n s t a l l e d  i n  the  r e a c t o r  
vesse l .  The long term objec t ive  is the  use of steam both  as an ener- 
gy c a r r i e r  a n d  as a chemical, e l imina t ing  all t h e  intermediate  heat  
exchangers. 

A very i n t e r e s t i n g  point  i s  that most of t'ne hea t  produced by 
the nuc lear  r eac to r  is c o r r e c t l y  u t i l i z e d  in the  chemical p l a n t ,  SO 
that the  system is inherent ly  a single-purpose one. 

The p lan t  r e j e c t s  the  degraded hea t  (around 50$ Of t he  input )  
i n  the  form of saturabed steam at 120-130°C. Expanding t h i s  steam 
through a turbine and condc?nsing i t  p e r n i t s  the  production o f  a sei-  
zable amount o f  e l e c t r i c i t y  t o  be used in $he p l a n t ,  expec ia l ly  t o  
run the  blowers of t he  r eac to r .  It might eventua l ly  be  used f o r  a de- 
ealhation plant o r  f o r  a heavy water p lan t .  

A f ixed c r i t i c a l  po in t  is the  temperature of t he  hydro lys is  re- 

Our hea t  c a r r i e r  can be t h e  primary coolant of t h e  nuc lea r  reac- 

ECONONIC CONSIDERATIOI?S 

A precise  economic evaluat ion of the  cos t  o f  t h e  hydrogen pro- 
duced by the  Nark-1 process  is  not  poss ib le  with the  i n f o m i - i o n s  
ava i l ab le  now on t he  y i e l d s  and on k i n e t i c s  o f  the  va r ious  r eac t ions  
o r  the  kind of ma te r i a l s  necessary f o r  t h e  apparatus .  

Nevertheless it is poss ib le  t o  f i x  the  frame in which the pro- 
ces s  has  t o  fit t o  be competit ive.  

E.g. we can c a l c u l a t e  the "room f o r  investmentpt, t h a t  is  the  ma- 
ximum a m o i m t  o f  c a p i t a l  that can be invested in the  hypothesis  o f  a 
hydrogen pr ice  competit ive with the  hydrogen pro.luces today by steam- 
reforming of n a t u r a l  gas .  To f ind  t h i s  w e  parametrise a c e r t z i n  num- 
ber  of technological  d a t a  : 

a )  t he  cos t  of nuc lear  c a l o r i e  
The cos t  of t he  nuc lear  hea t  produced by an HTGB of  aboui; 3 000 
Mwth is  usua l ly  indicated t o  be in  the  o r d e r  at 1 mil/Hcal  (18). 
We'll  take a range between 0.75 t o  1.25 m i l s h c a l .  

b) t he  thermal e f f i c i ency  of t he  chemicalxzocess  
This e f f i c i eccy  can be defined 9 s  the  r a t i o  between H2 combustion 
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heat  and the  primary hea t  necessary t o  produce it .  
Such d e f i n i t i o n  is  somehow equivocal because the  hea t  of combus- 
t i o n  can be assumed t o  include o r  no t  t he  condensation of the  wa- 
t e r  produced, a n d  because waste hea t  i s  re leased  from the process 
as steam at temperatures s t i l l  i n t e r e s t i n g  f o r  the  production of 
e l e  c t r i c  it y . 

E.g. with the  hea t  re jec ted  f r o m  blocks 14, 22 a n d  23 ( f ig .2 )  
by a p lan t  equipped with the 3,000 Mwth r e a c t o r ,  it would be pos- 
s i b l e  t o  operate  low-pressure steam tu rb ines  f o r  100 + 150 Mwe. 
The f r a c t i o n  of t h i s  e l e c t r i c i t y  not- used in s ide  the  p lan t  should 
be properly discounted f r o m  the  primary hea t  budget. 

With the hea t  source at 75OoC, the  hea t  s ink  at  25OC, a n d  ope- 
r a t i n g  the  water decomposition process  in  a r e v e r s i b l e  wayt with 
mater ia l s  (water ,  hydrogen a n d  oxygen) en ter ing  and leaving  the 
process a t  25OC a n d  1 a t m ,  the  thermodynamical e f f i c i ency  i s  
M 0.85 Funk ( 4 ) .  The temperature o f  25OC means t h a t  water i s  li- 

t h a t  t h e  higher  value f o r  the  combustion hea t  o f  H2 
i s  taken. For our e f f i c i e n c y  eva lua t ions  we u- 

s u a l l y  assume the  lower combustion hea t  (2,500 Kcal/Nrnj), a n d  we 
f ind  ac tua l  e f f i c i e n c i e s  in the  o r d e r  of 0.4 - 0 . 6 .  This  i s  the 
range chosen f o r  t h i s  parameter. E l e c t r i c i t y  production is neglec- 
t ed .  

c )  the  oxygen c r e d i t  
The european mean p r i c e  f o r  oxygen i s  around $ 6/ton; f o r  our cal-  
cu la t ions  a maximum c r e d i t  o f  $ 4/ton i s  taken,  corresponding t o  
2.9 m i l s / N m % 2 .  

a )  heavy water c r e d i t  
By contact ing the  incoming water wi th  the  outgoing hydrogen i n  an 
i so top ic  exchange column, Deuterium can be trapped in t h e  H2 p lan t ,  
e . g .  at  a f a c t o r  of  t e n  enrichment, and bled t o  a f i n i s h i n g  p lan t .  
With current  j r i c e s  f o r  D20 we have evaluated a n e t  D20 c red i t  o f  

rJ 3 m i l s / N m  H2 (Market value o f  t he  D20 produced i s  a r o u n d  7 m i l s  
Nm3H2. 

Credi t s  ( c )  a n d  (d )  can be very  important i n  e s t ab l i ah iug  the pro4 
f i t a b i l i t y  o f  the  f irst  p lan t s .  The l ea rn ing  curve f o r  t he  process 
s h o u l d  l a t e r  take  care  o f  t h e  diminishing value t h a t  can be al located 
t o  these by-products, once t-kc market will be swamped. 

Fig.  12 g ives  t h e  roo f o r  investment as a func t ion  of these pa- 
rameters  tak ing  12 m i l s / N m ~  as the  reference pr ice  f o r  the  hydrogen. 
E.g. with the  nuc lear  c a l o r i e  a t  1 m i l h c a l ;  a thermal 3f f ic iency  Of 
0 .5  a n d  an oxygen c r e d i t  of $ 4/ ton  we have 9.9 m i l s / N m  H avai lable  
for f ixed  cos t s .  In  4 conventional steam reforming p l an t  gixed cos t s  
a r e  around 4 m i l s / N m  H . 
t e r s  i s  ind ica t  d i n  f i g .  13, where the  reference poin t  assumes: f ixed I 

c o s t s  6 m i l s / l J m  , thermal  e f f ic iency  0.5, cos t  of  t he  nuclear  heat 
1 m i l b c a l  a n d  oxygen c r e d i t  $ 2/ton. 

1 

I 
The s e n s i v i t y  of ?he hydrogen p r i ce  in r e l a t i o n  t o  these parame- 

3 
As the cos t  o f  ou r  hydrogen i s  a l m  st purely technological(ura-  

I 
nium co t e n t e r s  f o r  l e s s  than 1 m i l / N r n  s H2 a n d  can be l e s s  than 0.1 
m i l s / N m  3 H2 i n  t h e  case of b reede r s ) ,  t he re  i s  no rock-bottom cos t ,  

I 

a n d  t h e  cos t  w i l l  decrease exponent ia l ly  as a func t ion  of the in te -  
grated amount produced, according t o  a general  r u l e  va l id  f o r  a l l  the 
mass produced chemicals ( 1 9 ) .  This  means t h a t  i f  we can achieve compe-; 
t i v i t y  i n  the  chemical hydrogen market, it i s  only a quest ion of ti- 
me t o  become competive in t he  energy market. Th i s  because t h e  



cos t  o f  n ine ra l s  in  general  .and Tue1.a in p a r t i c u l a r  tends t o  slowly 
r i s e  with time. 
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FIG. 1 Mark-1 block diagram 
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FIG3 Hydrolysis equilibrium constants as a 
function of temperature 
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I HEATING FLUID 

FIG. 8 Mark-l flow-Sheet- Detail of the hydrolysis 
step 
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FIG. 9 Example of process thermal coupling using 85OT 
helium gas as primary heat carrier 
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